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ii. 
The search for the solution of the problem "What is 
t » the rue nature of light? is one that is of great philo-
sophic interes t, for seeing an obg.1ect without touching it 
is an example of "action at a distance." The problem, 
couched in other terms, is to explain how one body connected 
by no material substance to another can produce effects on 
the other. The history of science shows that man has found 
difficulty from the beginning of speculative thinking to 
the rigid scientific logic of today in entertaining the con-
ception of such action being transferred from a source of 
energy to a recipient object without some substantial me-
dium 11 carrying 11 the energy. It is easy to conceive of a 
force being transmitted through a solid rod to another ob-
ject, and of a pressure being transmitted through a liquid 
or a gas, but we find it impossible to cone ei ve a movement 
of any sort being transmitted through nothing. The difficul-
ty lies in ascertaining how the lighted object is seen, that 
is, what is the nature of the light by which it is seen. 
In this thesis I plan to trace man 1 s thoughts on the nature 
of light from earliest times up to the present. I shall 
select those highlights which will reveal the growth and de-
velopment of each theory out of the experiences and sp ecu-
lations of the past. 
Constructive thought on this subject was begun when 
1. 
Anaxagoras (500-428 B.C.) made the st~tling hypothesis that 
the moon is not a self illuminating body, but that ~the sun 
places the brightness in the moon" and "the moon is 
eclipsed through the interpoai tion of the earth." ·· Also, 
"The sun is eclipsed at new moon through the interposition 
1 
of the moon." This explanation of e:elips es results in the 
idea that an object is seen by the light reflected from it. 
During the reign ot Greek civilization there were two 
major theories accounting for the properties of light. Ac-
cording to ]D.pedoclea (484-424 B.c.). light was due to the 
emission by luminous or visible bodies of fine infinitesimal 
particles, which enter the eye and are then returned from 
the eye to the bodies, the two "streams" giving rise to the 
sense of form and color. He proposed that light "takes time 
to travel from one point to another", 2 but we must keep in 
mind the fact that this concluaion is baaed on abstract spee-
ulation rather than on observation and experiment. This 
proposition was later rejected by Aristotle, who stated, 
"though the movement ot light might elu.ele our observation 
within a short distance, that it should do so all the way 
from east to west is too much to assume."2 The emission 
theory that Empedocles set forth was supported by Democri-
tus (460-370 B.C.) and Aristotle (384-322 B.C.) This theory 
is described in greater length by the Roman, Titus Lucre-
1. Heath, Aristarcnua, p. 78. Quotations cited 
from later Greek writers. 
2. Heath, Aristarchus, p. 93. 
2. 
tius Carus, (96-55 B.C.) as follows. l Images ef objects 
are due to tenuous films sent off from the outsides of the 
objects. These films consist of very fine particles, which 
are so small that they are invisible alone. These particles 
travel almost instantly through all space, and whenever they 
strike our eyes, we see the objects which have emitted them. 
However, the more prevalent idea was one that was sum-
med up admirably by Euclid (about 300 B.C.) in his "Optics" 
and "Catoptics." Euclid described light as consisting of 
particles emitted by the eye, sent out to exWMine into the 
nature of the body seen and to bring back a report to the 
observer. We see that this conception is analogous to the 
reaching out o~ the arm to an object in order to feel it. 
The five following propositions taken from his "Optics" give 
one a fair picture of the views which were current during 
Hellenistic times. 
"(1) Light travels in straight lines which lie at 
a certain distance from each other. 
(2) The figure enclosed by light rays is a cone, 
the apex of which lies ia the eye. 
(3) Only those objects are visible which lie in 
the path of the rays. 
(4) The apparent size of an object depends upon 
the visual angle under which it is seen. 
(5) A coin at the bottom of a cup ma~ be lifted 
into sight by pouring in water." 
1. Titus Lucretius Carus, De Natura Rerum, trans-
lated by w. E. Leonard, Ek. IV. 
2. Crew, Henry, The Rise of Modern Physics, p. 22. 
3. 
. I 
In these propositions Euclid made a courageous attempt 
to establish an exact correspondence between the descrip-
tion and the facts. Hereafter it will be necessary to point 
out the experimental, or observational data, which was ob-
tained, and to show how this led to the development o~ the-
ories that would fit the ~acts. 
The first known contributor of experimental data in 
this field is Cl!ludius Ptolemy of Alexandrea (70-14:7 A.D.). 
Ptolemy wrote a treatise which discussed, among other things, 
reflection from mirrors-plane, convex, concave-and particu-
larly refraction. He stated qualitatively the . correct laws 
of refraction (i.e., A refracted ray is bent toward or away 
from the perpendicularon entering a more dense o~ a less 
dense medium). He gave in degrees relative values of angles 
of incidence and refraction for air-water, air-glass, and 
water-glass surfaces, and described the apparatus by which 
he determined these quantities. He also mentioned atmos-
pheric refraction as affecting the apparent position .o~ 
stars,~a discovery attributed to Cleomedes some decades 
earlier. Ptolemy tabulates the refraction of water as ~ol-
1 lows: 
Angle 
Angle 
As a result 
eluded that 
10° 0 of Incidence: 20 
of Refraction: so lsi-0 
of the data he obtained 
the ratio of the angle 
30° 0 0 
0 • • 4:0 50 60 70 BO 
22!' 0 35° 4oi0 0 0 28 4:5 50 
on refraction, he eon-
of incidence to the angle 
1. Crew, Henry, The Rise of Modern Physics, p. 4:4 • 
4:. 
of refraction was a constant, which is true only under very 
limited conditions. 
I I 
It is now in order to make a resume of the observations 
and the theories of the Greek and Roman period. The scien-
tists of this period had noted the rectilinear propagation of 
light, the e·quality of angles for incident and reflected rays 
at both plane and concave surfaces, and the change of direc-
tion of a ray on entering a different medium. The common 
phenomena, the rainbow and mirage, were, of course, as fami-
liar to the ancients as to us. But only the first two of 
these properties of light could be explained even partly ade-
quately by the use of either of the two emission theories de-
scribed earlier. For if light consisted of emitted particles, 
we should expect these to travel in straight lines, and upon 
being reflected we should expect t ~m to be reflected so that 
the angles of incidence and reflection would be the same, 
since this result is arrived at by induction from the bouncing 
of large objects such as balls from boards or walls. 
As far as theories on the physical nature of light are 
concerned, the middle ages are practically sterile. Neverthe-
less, the study of geanetrical optics, which attacked the prob-
lem of tracing rays through different media received attentio~ 
An Arabian scholar, Alha.zen, 1 (who died about 1038) produced a 
"Treasury of Optics" 1n seven books wherein he dis carded the 
1. Crew, Henry, The Rise of Modern Physics, p. 59. 
s. 
Euclidean notion of vision. He extended the laws of reflec-
tion at plane surfaces to three different forms of curved 
mirrors; spherical, cylindrical, and conical. He also ob-
served the magnifying power of a segment of a glass sphere, 
one of the steps leading to the invention of spectacles. 
He set forth a clear description of the eye. As far as we 
are concerned, however, his most significant work is on re-
fraction. He pointed out the mistake of Ptolemy's view that 
the ratio between t~ angle of incidence and refraction is 
constant, by recognizing that this holds only for 311 all 
angles of incidence. He also di sco,rered tha ,t the refracted 
and incident rays lie in a single plane containing the nor-
mal to the refracting surface. 
Man is ever ready to take practical advantage of the 
scientific discoveries of the day. As a result of the dis-
covery that light could be refracted by glass media, it was 
found that lenses could be used as magnifying glasses. With 
this scientific background, spectacles came into use at about 
the end of the thirteenth century. The scientist of the day 
did not try to explain refraction; he just used it as an 
inductive proposition, but once having the proposition in 
mind, he tried to explain other phenomena by means of it. 
Turning his at tent ion to the cause of the rainbow, 1 a 
Jesuit priest, M. A. de Dominis (1566-1624), showed that 
the rainbow is produced by placing a source of light be-
fore a globe filled with water and obtaining an effect simi-
1. Crew, Henry, The Rise of Modern Physics, p. 96 
s. 
lar to the rainbow. 
We must now follow the beginning of the use of experi-
mental methods expressed in the work of a few more people 
in the field of geometric optics before the time and condi-
II tions were ripe for a "revival of the study into the the-
oretical nature of light. It was not that minds were lack-
ing, but rather that the soil was not yet fertile. In Octo-
ber, 1608, a Dutch spectacle-maker, Lippershey, as a result 
of the chance observation of an apprentice had succeeded in 
"making distant objects appear nearer but inverted nl by look-
ing through a tube in which were mounted two spectacle lenses. 
~ when news of this invention reached Galileo (1564-1642) he 
immediattely made a telescope, and later he made other tele-
scopes with increased magnification. Using these telescopes 
Galilee made many important discoveries in astronomy. For 
our purpose the most interesting of these was the discovery 
of the satellites of Jupiter and the determination of their 
periods of rotation. In his dialogues on "Motion" he de-
scribes an attempt made to measure the velocity of li~t by 
two observers a mile apart, one of whom uncovered a lantern 
as . soon as he perceived that the other had covered up his 
lantern. Upon failing to get u.s e.ful results,. he recommended 
that the experiment be tried with the aj_d of a telescope at 
a greater distance. 
While Galilee was busy maring and us1ng telescopes~ 
1. Richtmyer,. F. K., Intrcrl.uction to Modern Physics, 
P• 20. 
Kepler s~t out to eonstruct the theory or the telescope by 
applying the law of refraction or light at small angles or 
~ incidence to the path of a ray through a lens. He was suc-
cessful in determining the positions of the principal focua 
and the image in each of several particular cases. Kepler 
gives a description of the mo~ern astronomical telescope in 
his "Dioptics", but it is not known that he ever actually 
constructed such an instrument. The reason for treating the 
telescope at such length is that this instrument is one by 
which much experimental data is obtained which acts as a ba-
sis for the explanation of the nature or light. 
Willebrord Snell (1591-1626) first enunciated the law 
expressing the true relationship between the angle of inci-
dence and refraction, and Descartes soon transformed this 
law to the modern form, 
sin of angle of incidence 
sin of angle of refraction constant 
Once this relationship was established and correctly stated, 
the scientists and mathematicians of the day began to seek 
some physical interpretation of it, conjecturing as to wheth-
er this law had anything to do with the ratio of the speed 
of light in different media. Descartes claimed that light 
travelled faster in the denser medium. Fermat, making the 
opposite assumption, showed that one could arrive at the 
true law by the deduct! ve reasoning of mathematics. He made 
use of the principle that light takes such a path between 
two points that it traverses it in a minimum of time. This 
a. 
assumption is known as the principal of "least time" or 
"least action. 11 This principal is interesting, for it is an 
illustration of the fact that nature of its own accord acts 
in a most efficient manner, never wasting gny energy, and 
always tending to go in the direction of least resistance. 
The argument offered for this a ssumption is that since the 
rectiline ar propagation of light, and the law of reflection 
conform to this principle, therefore, refraction must also 
conform. 
Before 1675, philosophers and scientists had conceived 
that light had a finite velocity, but we may say that their 
basis for this thought was just a guess. During that year, 
however, a Danish astronomer named Roemer actually measured 
the velocity of light, thus proving it to have a finite uni-
form mode of propagation. The method he used follows in brief 
Making a systematic study of the eclipses of Jupiter's moons 
(rememb er that Galilee paved the way for this determination 
by his study of the regular periods of these satellites) he 
found that they did not occur exactly at the moments pre-
dicted. He associated this deviation with the change in po-
sition of the earth flying in its orbit, for as the earth 
moved away from Jupiter, the eclipses occurred later than 
predicted, while on the other hand, when it moved in its or-
bit around the sun towards Jupiter, the phenomena were earli-
er. When the earth was on the opp osite side of the sun from 
Jupiter, (see E2 and J2 in Figure 1) Roemer calculated that 
- -· -., ... ~ 
Figure 1 
Roemer's Determination of the Velocity of Light. 
Velocity- Distance _ AB 
- Time - discrepancy 
in time 
approximately 1921 000 miles/sec. 
9a. 
the eclipses would be about twenty-two minutes behind schedule 
as compared with the occurrence of the eclipses when the earth 
and Jupiter were on the same side of the sun (see El and J1 
in Figure 1). Roemer explained this discrepancy by assuming 
that it took light that length of time to cross the earth's 
orbit. From an approximate knowledge of the diameter of the 
earth's orbit, he computed tbat the velocity of light must 
be about 192,000 miles per second.l 
The next man to step upon the stage came 
"towering head and shoulders above all his 
contemporaries, a veritable gtant among the giants, 
a man whose intellect and whose contributions to 
knowledge are incomparably greater than those of 
any other scientist of t~e past, that prince of 
philosophers, Sir Isaac .L'iewton~"2 
The first discovery of ~ewton (1642-1727) of interest in this 
thesis arose out of his work on lenses, in which he was at-
tempting to correct spherical aberration. Descartes had 
shown geometrically that if lenses were ground with parabolic 
surfaces, this aberration would be eliminated. After grinqing 
such surfaces on lenses, Newton still found that a point 
image did not come to focus at a point, and he conjectured 
that the trouble might not be in the lens but in the light 
itself. 
In the course of his. experiments Newton allowed a small 
-... 
1. On the b.asi s of modern measurements, the discrepancy 
is sixteen and one half minutes leading to an approximate 
value of 186,000 miles per second for the velocity of light. 
2. Hart, Makers of Science, quoted from Richtmyer, Mo-
dern Developments in Physics, p. 34. 
10. 
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beam of sunlight to enter a dark room through a tiny aperture 
in the wall. In the path of this beam he placed a glass 
prism, and to his surprise he found that all parts of the 
beam were not refracted equally, but instead, he noted that 
the sunlight had been broken up into the colors of the rain-
bow, and that the red light was not refracted as much as was 
the violet light. He observed that each color had its own 
refrangibility, and that this bending increased from the red 
to the violet end of the rainbow. These colors form what is 
now known as the spectrum of white light. Wondering whether 
each color produced could be broken up further into other 
colors, Newton placed another prism in the path of each col-
or, but except for refracting the beam, no other change was 
noted. ~ewton then came to the conclusion that sunlight con-
sists of a mixture of light of all the different colors of 
the spectrum. By noticing that the refrangibility for each 
color was different, Newton was enabled to explain the phe-
nomena now known as the dispersion of' white l~ght m1d also 
to explain the nature of' color. This experiment laid a foun-
dation f'or the science of' spectrum analysis. 
~ewton and his contemporaries had in their hands exper-
imental information which showed that light had periodic 
properties, and thus might be considered similar to a wave 
motion of some sort. The first man to discover some periodic 
ph enomenon associated with light was F. M. Grimaldi (1618-
1663), a prof'essor of mathematics in the Jesuit College at 
11. 
===- --=- --=---=-------===-- -- ---- --
Bologna. He observed and recorded a description of the 
series of bright and dark bands which bound the shadow of 
any straight edge when illuminated by a point source of 
light, and he named this phenomenon diffraction. 
The next serious stud €11 t of the nature of light is Ro-
bert Hooke (1635-1703). After repeating Gri$maldi's re-
searches, Hooke carefully stu:lied other sources of periodic 
phenomena such as the colors that appear on thin films of 
glass, oil on water, and soap bubl!lles, phenomena which are 
now grouped under the head of "interference". In this field, 
however, all of his work is qualitative and descriptive--no 
quantitative results are given. Following are extracts of 
his vi evvs on the na. tur e of light: 
"And, first, I find it ought to be exceed-
ingly quick, •••• Next, it must be a v.lprative 
motion •••• And thirdly, that it is a very short 
vibrating motion· •••• And there, I think, are the 
three fundamental proprieties of a motion requi-
site t 'o produce t:t'le effect call 'd Light in the 
Object. nl . 
The work of Grimaldi and Hooke led up to the quantita-
ti ve work of Newton, who made measurements on the phenomena 
of diffraction as seen when a beam of light passes between 
two knife edges and also on the periodic phenomena seen when 
light is transmitted or reflected through thin plates. 
Let us now consider Newton's theories concerning the 
nature of light. In "An Hypothesis Explaining the Properties 
1. Crew, Henry, Rise of Modern Physics, p. 158 from 
Hooke's, Micrographia, pp. 54-56. 
12. 
13. 
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or Light," Newton presented to the Royal Society in 16'75 a 
description or "An aetherial medium much of the same consti-
tution with air, but far rarer, subtler, and more strongly 
elastic", but which vibrates "like air, only the vibrations I 
(being) far more swift and minute." This medium pervaded all 
space. He proceeds 6 
" •••• light is neither aether, nor its vi-
brating motion, but something of a different kind 
propagated from lucid bodies. They that will may 
suppose it an aggregate of various peripatetic 
qualities. Others may suppose it multitudes of 
unimaginable, small, and swift corpuscles or va-
rious sizes springing from shining bodies •••• 
and continually urged forward by a principle of 
motion which in the beginning accelerates the~, 
till the resistance of the aetherial medium equals 
the force of that principle much after the manner 
that bodi ea let fall in water are accelerated till 
the resistance of the water equals the force of 
gravity. "1 
This last statement explains how light could travel at a 
constant rate, the value of which bad then been only shortly 
discovered by Roemer. From these excerpts we see that New-
ton assumed that light was of a corpuscular nature, i.e., it 
was due to the emission of fine particles given off rram 
illuminated objects, and these particles impinged upon the 
eye and caused the sensation of light. 
With these assumptions Newton could account for the 
1. Richtmyer, F. K., Introduction to Modern Physics, 
p. 38. 
finite velocity of light, the fact tl~t light travelled in 
straight lines (for t h e particles travelled in this manner), 
and also, the law of reflection of light. His methon of 
dealing with reflection follows in brief. Suppose a particle 
is approaching a reflecting surface. When the corpuscle is 
very close to the surface a "fit" of repulsion occurs and as 
a result it describes a minute arc while being repelled until 
it is moving away from the surface, whereupon it leaves the 
field of action of the surface and is no longer repelled, and 
consequently moves off in a straight line. In this instant 
of reflection, the normal component of the momentum of the 
corpuscle is reversed, while the parallel component is not 
affected. By treating the momentum as a vector resultant of 
the horizontal and vertical components, he arrived at the re-
sult that the angle of reflection equals the angle of inci-
dence. 
To explain the colors of thin pl ates, Newton, while 
still employing the corpuscular theory, attributed a new 
characteristic to the particles of light. In an experiment 
he placed a lens whose radius of curvature was ninety-one 
inches upon a flat plate of glass and produced a pattern of 
circular bright and dark rings (now called Newton's Rings) 
with a sodium flame. Measuring the diameters of the rings 
produced in the thin layer of air between the two glasses, 
he obtained a measurement of the thickness of the medium at 
1 part of an inch. 1 the first of these dark rings of 
88739 
14. 
I 
Newton now assumed that the light corpuscles had periodic fits 
of repulsion and attraction, or of difficult and of easy tran~ 
mission. On this same hypothesis, he interpreted the measure-
ment he obtained as one half the distance between two succes-
sive fits of easy (or difficult) transmission, or, in modern 
terminolo~j, the distance was one-half of one wave-length of 
light. By such carefully obtained quantitative results, New-
ton established beyond doubt the fact that periodic proper-
ties were inherent in every ray of light. 
Using the periodic property just described, Newton could 
now account for the diffraction patterns of bright and dark 
banda that occured when a parallel beam of light passed over 
a knife edge. As the light-corpuscles passed near the sharp 
straight edge they were overcome by some sort of periodic 
attraction, and thus, the corpuscles would be concentrated 
in the bright bands, and as a result of this attraction, only 
a few corpuscles would be left in the dark bands so that 
these would appear relatively black. 
The speculation of Descartes and Fermat had directed 
scientific thought to the interpretation of Snell's law of 
refraction, and accordingly, Newton set out to see whether 
or not he could derive the law on the basis of his theory and 
obtain the hidden meaning of it. He gegan with the assump-
~ tion of a stream of light-corpuscles bombarding the surface 
between air and a denser substance such as water. Each par-
1. Crew, Henry, Rise of Modern Pqysics, p. 161. 
15. 
ticle was either in a "fit" of repulsion or attraction, or 
changing from one state into the other. If repulsion occurre~ 
the particle was refl ected, Consider, however, the case of 
the particle being in a fit of attraction. Suppose it is 
moving in the direction RO (see Fig. 2) and let XY be the 
refracting surface. Represent the velocity in the direction 
RO by the vector BO, considering BO as the resultant of the 
component vertical and horizontal horizontal components BA 
and AO, respectively. When the corpuscle entered the denser 
medium it was attracted downwards, with the net result of 
having its vertical velocity increased to OC while the tan-
gential or horizontal velocity CD remained unaltered in mag-
nitude. Thus the resultant velocity OD was bent in a direc-
1 tion OE nearer to the normal to the surface. Let i equal 
the angle of incidence, r equal the angle of refraction, v 
equal the velocity in air, and u equal the velocity in water 
(the denser medium). 
Then the sin 1.:- ..JIJ_, sin r :-......Q.Q....1 and since AO.::CD, 
v u 
sin 1 ~ u - a constant greater than one. We call this con-
sin r - -v-
stwnt the index of refraction. As a result of his theory, 
Newton came to the conclusion that the velocity of light was 
greater in the denser medium than it was in the less dense 
medium. Two centuries pass ed before any determination of 
1. In this case the attraction causes the corpuscles to 
move in a small arc just as in the case of reflection, but 
the arc is so minute that Newton is justified in treating 
the problem as if an abrupt angle of refraction occurred. 
16. 
16 e.. 
F igure 2 
Newton's Derivation of the Law of Refraction. 
R 
AIR 
u. WATEI\ 
E 
the speed of light in media other than air was made, so we 
see that it was then impossible to decide whether or not this 
conclusion was true. 
Before leaving Newton's development of a theory of light, 
allow me to quote Query 30 from his "Opticks ": 
"Are not gross bodies and light convertible into one 
another, and may not bodies receive much of their activity 
from the particles of light which enter their composition? •• 
••• The changing of bodies into light, and of light into 
bodies, is very conformable to the course of nature which 
seems delighted with transmutations ••••• "1 
Thus Newton raised a question which is being answered today 
in terms of the modern doctrine of the equivalence of matter 
and radiant energy, which I shall mention later. 
vYhile Newton was busy developing his corpuscular theory, 
one of his contemporaries was at work on the nature of light 
along a quite different line of attack. Christi-an Huygens 
(1629-1695) was developing the theory now known as the wave 
theory of light. He assumed that light travelled through a 
medium which he called the "luminiferous ether." His second 
assumption was that each luminous particle acted as a source 
of pulses or waves which it communicated to the ether. He 
then proposed the principle which is phrased by Fresnel as 
follows~ 
"The vibrations at each point in the wave front may be 
considered as the sum of the elementary motions which at any 
one instant are sent to that point from all parts of this 
same wave in any one of its previous positions, each of these 
parts acting independently the one of the other."2 
1. Richtmyer, F. K., Introduction to Modern Physics, p.4L 
2. Crew, Henry, Rise of Modern Physics, p. 162. 
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His general id ea was that lignt was some sort of dis-
turbance in a medium. He conceived of the medium as a jelly 
which is distorted so that its particles move out of their 
usual places. Any disturbance then acts as a center causing 
the pro~agation of a wave of disturbance to go out at a 
considerable speed, so that at any subsequent time, the ef-
fects of the initial disturbance will be found on a sphere 
surrounding it. When the initial disturbance is not confined 
to a single point, each point of it is to be regarded as a 
source, and the subsequent disturbance is the geometrical 
envelope of the wavelets surrounding all these sourc es. Thus 
we see that each part i cle along a wave front is giving out 
spherical wavelets. This theory could explain the experimen-
tal facts then known very neatly. The regular spreading out 
of the disturbance accounted for the finite speed of light. 
The reflection of light ~n such a way that the angle of re-
flection was equal to the angle of incidence was deduced by 
means of this theory on the basis that when the spherical wav~ 
lets struck a surface they were reversed. 
The greatest success of Huygen 1 s theory was the deriva-
tion of Snell's Law. He assumes a beam of light OB strikes 
the refracting surface DC at the angle of incidence i and is 
refracted in the denser medium (the lower medium in Fig. 31 
towards the normal making the angle of refraction r. While 
the disturbance (i.e. of light) is travelling from B to C in 
the less dense medium, it is travelling from 0 to A in the 
18. 
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Figure 3. 
Huygen's Explanation of Refraction. 
denser medium. If v is the velocity of light in the less 
dense m'edium, and u the velocity in the denser medium, then 
BC - v - sin i , or sin 1 - n where n is a constant now 
~- '""'i:l- sin r s iii r 
called the index of refraction. Since the results of re-
fraction experiments had been observed, this theory led to 
the conclusion that the velocity of light in the less dense 
medium was greater than in the denser medium, a result which 
later experiments proved to be correct. Since Newton's pre-
diction was contrary to this, this proved the loop-hole in 
his theory. I Huygen s theory proved a success when applied 
to the explanation of the phenomenon of double refraction in 
crystals like Iceland spar. In this application of the the-
ory, the double image was explained on the basis of spherical 
and ellipsoidal waves occurring simultaneously inside the 
crystal, each travelling from the source at a different rate. 
The wave theory of Huygen was not readily accepted in 
I 
the face of Newton s theory till, at the beginning of the 
nineteenth century, a remarkable young English physician con-
tributed a new experimental fact and a new idea to the dis-
cussion as to the nature of light. In our common experience, 
whenever an extra lEmp is lighted in a room, the illumina-
tion of the room is invariably increased. However, this 
youthful doctor, Thomas Young (1773-1829) devised snd per-
formed an experiment which showed that it was possible to 
add two sources together and produce at a point an illumina-
tion that was less than that provided by either source alone. 
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The experiment about to be described is frequently called 
Young's Pin-hole Experiment. lie placed a screen of tinfoil 
having two parallel slits, a and b, close together in the path 
of a beam of sunlight shining tb!'ough a narrow slit at a (see 
Fig. 4). \Vhen light was allowed to pass through only one of 
the openings, a continuous bright field was formed on the 
screen at c. But when a light passed through both openings 
there was seen between the two bright fields a series of 
bright and dark bands as shown in the lower part of the diagram 
In other words, the illumination produced by one pin-hole was 
completely annulled in spots by that from the other, and in 
other spots the illumination was bEighter than he expected. 
An extract from Young's "Works" showing how the idea of in-
terference was conceived follows: 
"It was in M_ay, 1801, that I discovered by reflecting on 
the beauciful experiments of Newton, a ·law which appears to 
me to account for a greater variety of interesting phenomena 
than any other optical principle that has yet been made known. 
I shall endeavor to explain this law by a comparison. 
"Suppose a number of equal waves of water to move upon 
the surface of a stagnant lake, with a certain constant vel-
ocity, and to enter a narrow channel leading out of the lake. 
Suppose them, another similar cause to have excited another 
equal series of waves, which arrive at the same channel, with 
the same ve.locity, and at the same time with the first. Nei-
ther series of waves will destroy the other, but their effects 
will be combined: if they enter the channel in such a man-
ner that the elevations of one series coincide with those of 
the other, they must together produce a series of greater 
joint elevations; but if the elevations of one series are so 
situated as to correspond to the depressions of the other, 
they must exactly fill up those depressions, and the surface 
of the water must remain ~ooth; at least I can discover no 
alternative, either from theory, or from experiment. 
20. 
Figure 4• 
Young's Pinhole Experiment. 
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"Now I maintain that similar effects take place whenever 
two portions of light are thus mixed; and fhis I call the 
general law of the interference of light." 
This was an extension of the wave theory s et forth by 
Huygens which made it possible to explain the colors of thin 
plates and dif~raction past a straight edge, in addition to 
refraction and refl ection, in terms of waves and wave-lengths. 
Making use of this principle o.f interference, Young guessed 
that where dark bands appeared in the pattern, the wave dis-
turbances ~ coming from the two sources were an odd number of 
half wave-lengths out of phase, and, where bright bands oc-
curred, reinforcement took place and the light waves were an 
even number of half wave-lengths out of phase. On this ba-
sis, from the positions of the bright and dark bands, and 
the dimensions of his apparatus, Young was enabled to calcu-
late some wave-lengths of light very accurately. 
However, Young ran into a snag when he tried to apply 
1 
this principle to all cases of diffraction. In the case o.f 
diffraction through a single slit where he considered the 
two edges of the slit as secondary sources of light which 
interfered in the shadow on either side of the slit, his 
predictions did not agree wi'th the observed distances of the 
diffraction bands. Nevertheless we must realize that Young's 
achievement was great, for by his incontestable establish-
41t ment of the great and simple principle of interference, he 
at once extended immensely the reach of the wave theory of 
1. Crew, Henry, Rise of Modern Physics, P• 164. 
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light. 
Thus far I have repeatedly mentioned the term "wave 
theory of light", but I have made no attempt to account for 
the particular concept we have of the manner in which the 
waves occur. We must now raise the question, "If light is 
due to a wave motion, and waves are periodic disturbances 
which are equivalent to vibrations, in what direction are 
these vibrations?" The answer to this question is suggested 
b y a consideration of optical phenomena connected with work 
on crystals. 
In 1669, Bartholinus, using Iceland spar crystals, dis-
covered the phenomenon now called the polarization of light. 
~nen two of these crystals, but in a similar fashion, were 
placed in the path of a beam of light, he noticed that when 
the axes of the crystal were parallel, light was transmitted; 
but that as one of the crystals was turned, the intensity was 
cut down till darkness occurred, at which point the axes were 
perpendicular. Newton had tried to explain this phenomenon 
by assuming that his corpuscles had a definite structure, but 
this explanation was only qualitative and by no means convin-
cing, in view of the fact that he had already attributed so 
many unusual habits of action to these corpuscles. 
In 1808, Malus (1775-1812) discovered that beams of 
light acting just as light that was transmitted through an 
Iceland spar crystal could be obtained by reflection. The 
next year he announced a law of polarization, now bearing 
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his name, which gave a quantitative expression for the inten-
sity of the light transmitted through the crystals involving 
the angles between their axes. The law established by Malus, 
we must remember, was an empirical law. It stated the facts 
discovered by experiment, but did not account for them. The 
facts of polarization still required an explanation. 
At this stage our versatile Dr. Young again came to the 
rescue with a bold suggestion that showed the keen and re-
sourceful mind he had. In a letter written 1n January, 1817, 
to Arago, a contemporary student of optics, he suggested that 
all the phenomena of polarization could be explained on the 
assumption that the light vibrations were transverse rather 
than longitudinal. The transverse wave theory of light was 
now almost completely formulated, save for a few refinements 
offered by Augustin Fresnel. 
Fresnel was a French engineer who became interested in 
optical problems. From 1815 to 1826 he performed a series 
of experiments most cleverly designed, and as a consequence, 
erected what is practically our present undulatory theory of 
light. Fresnel attributed to the "luminiferous ether" of 
Huygens the properties of an elastic solid. Although this 
was a difficult conception to bear in mind, in view of the 
fact that the planets must move through this "solid" which 
pervaded all space w1 thout any measurable ahange in their 
periods of revolution, nevertheless, it was the only kind of 
medium which could be in accordance with the experimental 
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facts. Fresnel's major contribution was the recognition of 
the possible union between Young's principle of interference, 
and Huygens r wavelet principle. According to Fresnel, the 
interfering sources of light were not the edges of a dif-
fraction screen, as Young believed, but various portions of 
the wave-front. His method was to divide the wave-front into 
concentric zones in such a way that the light from each suc-
cessive zone was half a wave-length behind the light from the 
first zone at the point of illumination considered. To ob-
tain the effect of the entire wave-front at the illuminated 
point, he added (or, using the terms of Calculus, integrated} 
the effects produced by all the elements of the incident wave 
surface. By this method Fresnel was enabled to solve many 
diffraction problems, and to predict the pesitions of the 
bright and dark bands appearing at the screen with minute 
accuracy. 
Using precise and delicate experimental technique, Fres-
nel also discovered that polarized light could be made to in-
terfere just as ordinary light did according to Young's prin-
ciple. rle found, however, that this phenomenon only occurred 
under certain condi tiona. For example, two rays of perpen• 
dicularly polarized light had no interference effect upon 
each other, but if they were polarized in parallel planes, 
interference took place. 
The indisputable experimental evidence of interference 
phenomena forced the conclusion that light was a wave motion, 
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and the equally convincing and. unambiguous evidence f'rom ex-
periments on polarization, postulated that this wave motion 
be transverse. There was no denying the possibility of the 
experimental evidence offered b y Young, lVlalus, Arago, and 
Fresnel, but the corpuscular theory of Newton still c arried 
great weight. Not till 1850, when Fizeau and Foucault measured 
the velocity of light independently in water, was the validi-
ty of the theory suggested by Huygens recogni zed. These cru" 
cial e.xp eriments showed that the velocity of light was greater 
in the less dense medium, air, which was predicted by #uygens, 
whereas Newton's theory required that the velocity of light 
be greater in the denser medium, water, which was not in ac-
cordance with the facts observed; and in science the theory 
must fit the facts, for we cannot force the facts to fit the 
theory. The theory that corresponds to the experimental facts 
must tri tUnp h. 
I shall now deal briefly with the story of the rise of 
the electromagnetic theory of light. This development was 
the result of a gradual evolution, and was not the work of 
one man, but rather the monument of several men, each build .... 
ing, in his turn, on the shoulders of his predecessors. In 
these paragraphs I shall attempt to give only a bird' s-sye 
view of the subject for to examine it in more detail would 
be beyond the limits of this thesis. 
About 1819, Oersted, a Danish physicist, discovered that 
electricity in motion produced a magnetic force in the space 
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about it. Using Voltaic cells to obtain a large Cl.l+'rent, he 
noticed that a magne~ic needle placed near the conductor of 
the current was turned in a direction at right angles to the 
line of current. This great discovery showed that there must 
be some close relationship between electric~y and magnetism. 
Following fast on Oersted's heels, Michael Faraday tried 
to extend too connection between these two concepts. He con-
cei ved the idea of magnetic and electric fluxes which he 
called "tubes of force", which are similar to our modern con-
cept of lines of force. He assmned that these "tubes" diverged 
from either a charged or magnetized body, and that the movemEnt 
of these fluxes affected each other. In the summer of 1831, 
he discovered the phenomenon of electromagnetic induction. 
By moving a conductor through a magnetic field, he pro-
duced an elec:bric current, and he concluded that this must 
be due to the interaction of the different fluxes. This ex-
periment led him to believe that electrical and magnetic phe• 
nomena were inseparably connected. Allow me to point out 
the significance of Faraday's work. 
On the basis of his theory, any body charged with elec-
II !I 
tricity or magnetism emitted lines, or tubes of force which 
permeated all space. Using these lines of force as a con-
nection between two bodies whicn-,.were distant from each other, 
he could account for their interaction. Faraday had the 
idea. that these lines of force spread out very rapidly, re-
sulting in magnetic action at a distance~ He had also no• 
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it;icec! that the magnetic and electric forces produced by in-
teraction were, to the extent of his observation, perpendi-
cular to each other. 
Faraday spent about ten years in the laboratory, trying 
to find some connection between electricity and light. He 
passed light through an electric field but failed to detect 
any changes, although later Stark noticed some spectroscopie 
effects. rle also failed to detect changes caused when a source 
of light was placed in a magnetic field, a phenomenon that has 
since been observed and measured by Zeeman, However, in al-
lowing a beam of plane polarized light to pass through a piece 
of lead glass with a high index of refraction in a magnetic 
field, he dis covered that a rotation of the plane of polari-
zation took place. This was the first piece of evidence ob-
tained that showe1 a relationship between electricity and 
lig'ht, and this effect is called the Faraday effect. 
To show Faraday's fine intuition and love for his work, 
a letter addressed to Maxwell follows in part: 
I hope this summer to make some experiments on the time 
of magnetic action •••••• that may help the subject on. The time 
must be as short as the time of light; but the greatness of 
the result, if affirmative, makes me not despair. Perhaps I 
had better have said nothing about it, for I run often long in 
realizing my intentlons, and a failing memory is against me.l 
James Clerk Maxwell 1 s vigorous mind now took up the work 
where Faraday's "failing memory" had left it, and after an 
intensive study of the problem, he wrote to a friend, "I have 
a f.llPer afloat, with an el ectrornagneti c theory of light, which,: 
1. Pupin, Michael, '£fie I~ew Reformation, p. lOl. 
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till I am convinced to the contrary, I hold to be great guns ~1 
According to Maxwell, the energy of magnetization or electri-
fication was in the flux and depended upon the flux density. 
Maxwell assumed that the energy of the two fluxes spread out 
at right angles to each other; i.e. the magnetic force due to 
the propagation of the flux through apace was perpendicular to 
the direction of propagation. He also assumed that the velo-
city of thansmission of the magnetization or electrification 
depended upon the electrical properties of the medi urn as well 
as its inductive capacity and permeability. Maxwell stated 
his theory in the terms of rigorous mathematics. According to 
his startling and novel theory the propagation of the flux had 
all the attributes of a wave of light. Accordingly, Maxwell 
guessed that in all probability light is an electromagnetic 
phenomenon. 
I 
Maxwell s entire theory was based on assumptions which 
had not been justified experimentally. Twenty-two years after 
Maxwell published his essay on the electromagnetic theory of 
light, Hertz, a German research suudent, published his exper-
imental researches with Leyden-jar discharges. Hertz placed 
large charges on a pair of conductors, and allowed an .oscilla-
tory discharge to occur between them. According to Maxwell, 
this should produce electro~agnetic waves. If this sort of ra" 
diation existed, and followed the laws gpverning the propaga-
tion of light, it should be reflectible. Hertz placed a con" 
1. Pupin, l:ichael, The New Reformation, p. 103. 
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ducting screen in the path of the electrical radiation, for 
according to Maxwell's theory, conductors should be opaque t~ 
electrical radiation of the high frequency that Hertz used. 
If the radiation was reflected, he expected the incoming and 
reflected waves to interfere and produce standing waves. With 
this idea in mind, Hertz looked for points in the path of the 
radiation where its intensity had m~ximum and minimum values. 
Using a resonating spark, ltertz measured the waYe-length. of 
the standing waves produc en, and knowing the frequency of 
the a-nitted radiation from the dimensions of the oscillator, 
he computed the velocity of the electromagnetic radiation. 
He found that this was about 300,000 kilometers per second, 
which was the recognized velocity of light. 
Thus Hertz proved that the electromagnetic theory of 
light was not the result of wild hypotheses, but a theory that 
could hold its ground equally as well as the wave theory of 
light with its luminiferous ether possessing the properties of 
an eleatic solid. Before tbe study of atonic physics was 
sta1Jted, the electromagnetic theory was preferred, for in 
addition to accounting for the experimental res ults that 
Fresnel's final form or the "elastic solid'' wave theory ex-
plained, it included within its field many of the electrical 
phenomena of the day, and therefore, it was the more inclu-
e . sive of the two wave theories. 
The way for a new theory of light, the quantum theory 
of radiation, was paved by the development of the science of 
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spectroscopy. Newton had shown that sunlight consisted of 
different visible colors of light, but the ta;wk of examining 
"invisible light" remained. Herschel (1738-1822) proved that 
the spectrum could be extended beyon:l the visible region by 
detecting the presence of heat rays in the infra-red with a 
sensitive thermometer. He established the fact tba.t these 
were true light waves by reflecting and refracting them. In 
1800, J. W. Ritter (1776-1810) detected that the presence of 
rays in the spectrum beyond the visible violet section affectEd 
silver chloride on photographic plates. 
Wollaston first observed dar-k lines in the sunlight 
spectrum, and Fraunhofer followed up his work by measuring 
their wave lengths with diffraction gratings. The introduction 
of the <Hffraction grating is, to my mind, the most important 
step in the growth of spectnoscopy, for by using this tool 
most of our spectroscopic data has been obtained. 
The development of the thermopile by M. Melloni gave 
great L111petus to research on the extension of the spectrum 
beyond t he red. This research has been aided by the inven-
tion of electro-thermal devices of various kinds, which are 
very delicate in detecting and measuring the intensity of heat 
radiations. by means of such instruments, it is possible to 
plot the energy of radiation against the wave-length and thus 
obtain the spectrum of any luminous body far into the red. 
In this manner the di atribution of radiation of light of wave-
length greater than that of visible light can be investigated. 
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Similar progress took place in the study of radiation of 
light of shorter wave-length tha.n the limit that the visible 
spectrum included, i.e., the ultra-violet region. This move-
ment went band in hand with the development of photography. 
Here I can only mention the names of the men who laid the 
foundation of photography; Niepce, Daguerre, and Talbot. Pho-
tography is based upon the observed fact that many compounds, 
especially halides of silver, are unstable and decompose when 
exposed to light. It is interesting to note, in view of the 
fact that the photo-electric effect will be soon dealt with, 
that the shorter wave-lengths affect the photographic plate 
to a greater degree than the longer ones. It is this gener-
alization that allows amateur photographers to understand why 
photographic plates are more sensitive to blue than to red 
light. The rays of light that affect sensitized plates are 
often called "actinic" rays because of the chemical action 
they produce. 
Schuman deserves more than passing mention for his de-
velopment of photographic plates tl~t could be used far in 
the ultra-violet region. Special precaution had to be taken 
lest the colloidal gum on the film absorb the short wave 
lengths before they reached the sensitive part of the plate. 
It was found that only a limited range of wave-lengths 
passed through glass, being absorbed during their pas sage, but 
the use of quartz prisms and lenses instead of glass overcame 
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this difficulty, It was also found that electric arc and elec-
tric spark spectna extended ~arther into the ultra-violet than 
the solar spectrum. The earth 1 s atmosphere absorbs wave-
lengths approximately below 3000 Angstromsf so that for work 
in the far ultra-violet the spectroscope must be of special 
construction in order that air may be pumped out, leaving a 
vacuum to prevent the absorption of lines by the air. ~artz 
transmits only dovm to 1850 Angstrom, but fluorite prisms al-
low the passage of light down to 1000 Angstroms so that they 
can be wed for spectroscopic work down to this limit. 
Another means of in ves tig ating the ultra-violet spectrum 
is by making use of the fluorescence produced in some sub-
stances. Experiments show that ultra-violet rays produce 
fluorescence in many solutions and substances. A few of these 
are sulphate of quinine, uranium glass, and zinc sulphide. 
The color of the fluorescent light produced is a function of 
the substance in the path of the ultra-violet light. Stokes' 
law states that the frequency of the exciting light is greater 
than that of the fluorescent light, but this is not always 
true,2 so that for quantitative work, the photographic method 
of examining ultra-violet spectra is' the more common. 
Spectroscopy could never have advanced so far as it has 
without constant improvements being made in light sources. 
Among the first sources, mOCl.e use of by Fraunhofer anP, 
1. Houstoun, R. A., A Treatise on Light, p. 258. 
2. Ibid., P• 257. 
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Angstrom, was the sun. There was one ~~fficulty attached to 
the we of this luminous body; the earth was not stationary 
with respect to it, but constantly moved in its orbit. Con-
sequently, if long exposures were required , the direction of 
the incident beam varied. However, wh en the sun is now used 
as a source of light for analyses, a heliostat is used. This 
is essentially a rotating mirror which reflects the sun's 
beams into the spectroscope. This mirror turns just slowly 
enough to compensate for the apparent movement of the sun so 
that the image of the sun remains on the slit during the en-
tire exposure. 
Another common source was the Bunsen flame. Salts being 
tested were burned in the fl arne, but the trouble with this 
method was that the salts burned too rapidly. This diffi-
culty was sometimes bridged by using a wheel in the flame that 
rotates at constant speed through a solution of salt. The 
Bunsen flame test for certain elements is considered a very 
sensitive type of chemical analysis. 
The most modern method ob obtaining luminous bodies em-
ploys electric! ty. Electric sparks caused by high voltage 
induction coils are rich in ultra-violet radiation, and of-
fer a means of obtaining the air spectrum. If condensers 
are placed in parallel with the spark gap in the secondary 
coil, a spectrum of the electrodes may be obtained. For 
liquids, the apparatus shown in Figure 5 is sometimes used. 
Platinum electrodes pa s s into an evacuated glass chamber. 
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Apparatus Used to Produce Spectra of Liquids I 
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One electrode is in the liq id and the other is just above its 
surface. The chief fault with this apparatus is that the sparks 
are liable to a t tack the glass. 
Another electrical means especially adapted to z as analysis 
is the vacuum tube. The gas is sealed in glass tubes at a pres-
sure of one or two millimeters. Electrodes, sometimes made of 
aluminum,l are attached t o the secondary of an induction coil 
and pass into the ends of the glass tube in which the gas at low 
pressure is contained. The discharge usually takes place thro~ 
a thin capillary tube which concentrates the light to be placed 
before the slit of the spectroscope. 
A third electrical method makes use of the electric arc: 
two carbon rods at a difference of p otential of about 80 volts 
are pushed tog ether and then drawn apart to start the arc. The 
positive carbon bas a crater, while the negative becomes pointe~ 
~he crater may be packed with the salt whose spectrum is desired. 
For metals, the arc goes directly through rod s of the metals d~ 
sired. In mercury arcs, an electrode is dipped into the mercar.r 
find then drawn out, thus establishing the arc. Thus it may be 
3een that the spectrum of any material can be easily produced 
~hether the material is a solid, liquid or gas. 
Since most of the spectroscopic data on hand today 
has been obtained by means of gratings pectroscopes, the 
topic of the use and improvements in these grating s is 
closely related to the subject of this thesis. A grating 
i s a row of opaque parallel l i nes. For a long time the 
1. Houstoun, R. A., A Treatise on Light, p. 248. 
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most common grating used was a plane transmission grating set 
up as shown in the spectroscope in Figure 6. Usually the tw-
lescope is rotated b y a. micrometer screw. VVhen the crosswire 
coincides with the spectral line, the wave-length of' that par-
ticular line may be calculated by means of the formula: 
n'A:;: d sin 9, where n is the order of the spectrum, A is the 
wave-length in cent :1m eters, ,!;'!, is the ~rating space in centi-
meters, and e is the angle in degrees shown in the diagram.l 
Angstrom used gratings scratched on glass, but the grating 
space was not very small. In order to obtain high accuracy, 
it was necessary to have very fine grating spaces. 
The first ma..'1. to make extremely fine diffraction gratings 
was Rowland. About 1882, Rowland made a grating which secured 
an accuracy one hundred times greater than Angstrom's, from 
which it became possible for scientists to discover some sort 
of arrangement in the spectra of the elements. The study of 
these spectra revealed much about atomic and molecuhar struc-
tures. First Rowland construct ed as perfect a screw as pos-
sible, and mounted it on a ruling engine. Furrows made by a 
diamond point were laid side by side and separated by 1 
of an inch, w.1th an error of' less than 1 
too,ooo 
At first these rulings were made on glass. 
15,000 
of an inch. 
Then speculum 
metal was used and plane reflection gratings came into _use. 
Rowland finally hit upon the idea o~ ruling the grating on a 
concave reflecting surface, thus eliminating the collimator 
and telescope of the ordi nar y spectroscope. The entire in-
1. Fraunhofer, for his gratings, first used rows of fine 
arallel wlr es. 
35. 
S'-\T 
Figure 6 . 
The Transmission Grating Spectroscope 
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strument consists of slit, grating, and photogr-aphic plate, 
and it produces a very intense spectrum, since there are no 
lenses to absorb some of the light. 
This curved grating is especially adapted for ultra-vi-
olet work, since no lmses or prisms a:£e needed which may ab-
sorb the short wa ve-lengths. With all these improvements in 
methods of detecting radiaUon in the in:fra-red and ultra-
violet, in the making o~ spectroscopic sources, and in spec-
troscopes themselves, the stu:ly of spectroscopy attracted 
many scientists. 
Before Rowland's introduction of the use of curvetl, re ... 
flection gratings, Kirchoff had made an intensives tud y of 
absorption and emission spectra. rle discovered that for any 
element, the emission ar:d absorption of a certain wave-length 
were proportional to each other. He also proved wxperimental-
ly that the positions of lines in the spectrum of an element 
were independent of the temperature of the source of light. 
Kirchoff's Law states that any boe!:r emits those radiations whidl 
it absorbs. 
. I After Rowland s inovation, many attempts were made to 
find some kind of order in the positions of the spectral lines 
o:f various substances. It was 1::1 oon discovered that spectral 
aeries existed. Traces of order were obs 'erved in the spectra 
of' hydrogen, zinc, cadmium, and magnesium. Balmer, Kayser, 
and Runge, and Rydberg f~mulated empirical equations by which 
the wave-1 engths of the lines could be computed by changmg 
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an integer by one unit for each successive line. It was found 
that pairs and triplets of spectral lines repeated themselves. 
Rydberg discovered that ~here are various kinds of series 
called principle, diffuse, and_ sharp line series, and later, 
Bergman dis covered another series named after him. Rydberg 
described the series he found by the equation: yt ·= ()...- N (""'1-t-1.\.)2.. 
where n is the wave number, or the number of wave-lengths in 
one centimeDer, m is positive integer, a and u are constants 
peculiar to .the series, and N is a constant common to all 
series. 
The simplest series found was that of hydrogen in the 
visible spectrum. Balmer found that this series, named after 
him, could be ezpressed by the equation: 2) = K ( ~1..- ~'1..) 
where :Vis the frequency, R is a universal constant, n is 2 
and m is 3, 4, 5, 6, • • • • • • lt li:t."P·1e later, the Lyman series 
was discovered in the ultra-violet region of the spectrum, 
which followed the same formulas ave that n is 1, and m is 
2, 3, 4, 5 • • • • • A similar series in the infra-red was dis-
covered by Paschen, in which n is 3; and m is 4, 5, 6, 7 •••• 
All of these hydrogen series ap preached some convergence limit. 
After a study of the spectra of many elements, it was 
found that the characteristics of the spectral series depended 
upon the elements' position in the periodic table. To illus-
trate this point, normal sodium (Na) gives a bright line 
s~ectrum similar to that of potassium; singly ionized sodium 
+ ++ (Na ) resembles neon; and twice ionized sodium (Na ) resem-
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bles chlorine. These results are dependent on the arrangement 
of the external electrons of the atom, not the structure of 
t h e nucleus. 
So far in this thesis, no attempt has been made to ac-
count for the fact that a luminous body emits light of par-
ticular frequencies. Hitherto the theories expounded have 
explained the effects of light, rather than the production 
of light. An ex001ination of this topic requires a discussion 
of the development of the quantum theory, a theory that di-
verges widely from the classical electromagnetic theory of 
lig ht. 'J.lhe inccrnpatability and the power of these two con-
ceptions may be seen from the following words: "As Sir 
Oliver Lodg e has sa~. , the two concepts are like a shark and 
a tiger-- each supreme in its O\m dDmain, but helples s ih that 
of the other. nl 
The first step in the growth of the quantum theory was 
the explanation of the energy or intensity distribution of 
black body radiation for all frequencies. Rubens, after 
carrying out many very delic :,1te experiments OVI the ~ntens ity 
of the radiation of a black body over a wide range of tem-
pera tures and frequencies, obtained graphs that are all simi-
lar to the one shown in Figure 7. 
Theoretical physicista attempted to derive an expression 
for the energy density of radiation of a particular frequency 
1. Kendall, James, At Home Among the Atoms, p. 294. 
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The Distribution of Energ y Radiate d by a Black Body. 
on .the basis of classical physics. In 1896 Wien developed one 
of these formulae by making as sumptions as to the mechanism 
of the absorption and emission of radiation by gas molecules 
that were not considered valid by all physicists. His result-
ing equation held f or high frequencies only, had to have its 
constants adjusted to fit observations at high temperatures, 
and failed at low temperatures. 
Planck, a German physicist, manag ed to modify Wien's 
formula so that he could describe the experimental results 
accurately by the equation 
..3 
r--rrhv 
where l..,\:z;ris the density of black body radiation for a defi-
nite frequency V and absolute temperature T, c is the velocity 
of light, and hand k are universal constants. At first an 
attempt was made to derive t h is result on the basis of classi-
cal physics. The general method used is as follows. 
The walls of a container are considered to be black and 
to consist of oscillators of all frequencies. The wall is 
able to absorb all frequencies, though an individual oscil-
lator can absorb only a unique frequency. Two assumptions 
are then made: (1) a condition of equilibrium exists so that 
the energy absorbed per unit of time equals the energy 
emitted per unit of time by the walls of the container; and 
{2) the mean energy of an oscillator equals kT. The second 
assumption is derived frori'l the equiparti tion theory of the 
distribution of energy in systems with several degrees of 
freedom; it is a result of the application of the method of 
statistics to one branch of thermodynamics. Using the prin-
ciples of electrodynamics, the expression obtained was 
~ 
~VT~ arrv KT c) 
which is usually known as the Rayleigh-Jeans law after the 
names of the two men who developed the equation. It is in-
teresting to compare this theoretical result with Planck's 
empirical equation. Figure 8 shows the results when the 
energy distribution is plotted according to the two equations. 
A comparison shows that the theoretical results hold true only 
for small frequencies, for which the two graphs coincide. 
Thus the results of Maxwell's development of the electromag-
netic theory of light failed to explain black body radiation. 
Planck now set out to derive his empirical law theoret-
ically. His starting point, also, is that a black body con• 
sists of oscillator~. In 1900, he made his first famous 
quantum hypothesis that was to lead to a new concept of na-
ture. He attached a queer and highly selective character to 
his oscillators. His revolutionary concept is that each os-
cillator can pick upl only quantized quantities of energy. 
It can absorb only quanta or bundles, of energy equal to 0, 
hV, 2hV, 3hV, •••••• nhV. Likewise, the oscillator can emit 
only these same multiples of hV as energy of radiation. Ac-
cording to this principle, the oscillators may not have any 
energy state, but only particular quantized states. 
40. 
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Figure 8. 
A Comparison of Classical and Empirical Distribution 
of Black Body Radiation. 
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Using statistics, rlanck calculated the probability or 
oscillators being in certaln energy levels and then by a pro-
cess or averaging, he obtained an expression for the inten-
sity or black body radiation which was identical with his 
empirical equation. Thus, by means of a quantum hypothesis, 
he succeeded in deriving a law which the efforts of classical 
physicists had failed to obtain. This was the first victory 
of the quantum over the electromagnetic theory. 
Before the introduction of Planck's quantum hypothesis, 
Boltzman had proved theoretically that the total energy ra-
diated per unit of time by a body is proportional to the 
fourth power of the temperature of the body, a conclusion that 
Stefan had obtained experimentally. Wien 1 s displacement law, 
which was also observed experimentally, states that the product 
of the maximum wave-length radiated and the temperature of the 
radiating body is a constant. Both of these results were sub-
sequently derived on the basis of Planck's theory--more suc-
cesses for the quantum theory. 
The quantun theory differs basically from the clas s ical 
electromagnetic theory of light in the distribution of energy 
over a wave-front. According to the older theory, the energy 
is evenly spread out over the entire surface of the wave. 
An idea of the meaning of this statement may be derived from 
a consideration of a piece of buttered bread. The butter; 
corresponding to the energy, is thinly, but evenly, spread 
out over the bread, the analogue of the wave-front. Using 
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mathematical diction, we say that the dist~ibution of energy 
is continuous. The quantum theory, however, maintains that 
the energy of radiation is collected in small bundles, or 
quanta of energy over the wave front. Accordingly, there exUt 
places in the wave-front which have no energy. 
Another analogy may present this idea of distribution 
more clearly. Consider the same piece of bread mentioned be-
fore. Suppose now that finely divided salt is scattered by 
a shaker over the bread. If we now think of the salt parti-
cles as quanta o~ energy, and the bread as the wave-front, we 
shall have mastered the concept of the distribution of energy 
according to the quantum theory. Thus we see by analogy that 
the energy of the wave-front is collected in certain points 
only; which are called quanta, or photons. This concept 
describes light as consisting of corpuscles, which is a throw-
back to the first speculative thought on the nature of light. 
There is one particular phenomenon that brought this quantum, 
or corpuscular, theory of li.ght to the attention of our 
scientists--the photo-electric effect. 
It was observed, that when uncharged electroscopes were 
placed in the vicinity of electric arcs or sparks, the leaves 
soon acquired a positive charge. Also, negatively charged 
electroscopes gradually lost their negative charges, becoming 
neutral and then positive in charge. After experimentation, 
results showed that this phenomenon occurred only in the pres-
ence of blue, or ultra-violet light. Furthermore, the effect 
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was more pronounced when the leaves were coated with the al-
kaline earth metals. 
Closer examination led to the discovery that the produc-
tion of a positive charge was caused by the emission of elec-
trons, which carry negative charges. Since potassium and 
caesium each have an electron that is easily detached, it is 
to be expected that these metals should show a more pronounced 
effect than other substances. Two laws are found to govern 
the photo-electric errect: (1) the number or electrons given 
orf per second is proportional to the intensity of the inci-
dent light, and (2) the effect does not occur till a certain 
frequency or the incident light is reached, but after this 
"threshold frequency" is reached, the velocity of the emitted 
electron increases as the frequency is increased. 
In 1905, ~rofessor Einstein, the famous German physicist, 
reasoned that the velocity of the photo-electron could be 
expressed according to the equation 
2.. ~- hv- P 
2.. 
where m is the mass of the electron, v its velocity, his 
Planck's universal constant,]) is the frequency of the light, 
and P is a constant, which is different for each substance. 
To explain the phenomenon, Einstein assumed that light has 
its en.ergy concentrated in quanta, or photons of energy ex-
pressed in his equation by the value hY. Accordir~ to him, 
the photo-electric process is one of absorption. When a quan-
tum strikes an atom, an exchange of energy takes place. The 
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atom absorbs the emergy of the quantum hV and emits its ex-
cess energy by shooting off an .electron. The reason why the 
effect d oes not occur 1mt il the 11 thr> eshold" frequency is 
reached, is that at this fr~quency the energy of the quantum 
just equals the work required to free an electron from the 
surface of the metal, so that the electron is just barely se-
parated from its atom. 
As the frequency is increased, however, the energy of the 
absorbed quantum increases, and the kinetic energy of the elec--
tron is also increased, till in the extreme ultra-violet, or 
near X-ray region, very fast moving electrons are emitted, the 
speed of whic h approaches the speed of light. Thus Einstein's 
equa tion merely states that the kinetic energy of the photo-
electron equal s the energy of the quant um striking the atom, 
minus the work necessary to tear the electron from the sur-
face of the metal. 
Let us now try to explain this phenomenon on the basis of 
the cl assical theory. The first law governing this effect can 
be explained by reasoning that the more intense the light is, 
the more energy there is in each 1mit of area of the wave-front. 
According to the quantum theory, the more intense the light is, 
the more photons the wave-front possesses per unit of area. 
The classical physicists assumed that each atom is the metal 
surface stored up energy till it had enough to liberate an elec-
tron. A measurable photo-electric eff ect is produced when so-
dium is exposed to a moderate illumination of intensity equal 
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to one tenth of a meter-candle. Only a small percentage is 
used in the photo-electric effect, for only the blue light 
is of high enough frequency to have an effect. The amount 
of energy absorbed per second per unit of area of the metal 
may be measured. Then the number of atoms taki.n.g part in the 
absorption of the light may be calculated. Finally, the amount 
of energy absorbed by each atom per second may be calculated. 
Assuming that the atom is able to absorb energy equal to hv 
before shooting off its electron, the wave theory yields the 
ridiculous ~esult that the effect would not begin until the 
metal had been •lluminated for over 500 days,1 whereas it 
actually begins immediately. The photo-electric effect shows 
conclusively that the classical theory of light is inadequate. 
Although it is possible to explain the pressure of light 
by means of the wave theory, the explanation is much simpler 
using the principles of the quantum theory. Since the quan-
tum of energy, hV, is moving with the speed of light, all 
of its energy is kinetic. But, in order to find the mom en-
tum of a body which has kinetic energy, the kinetic energy 
is divided by the velocity of the body. Thus, the momentum 
of a single quantum is h')), where c is the speed of light. 
c 
Accordingly, when a beam of light strikes an object, the 
pressure produced by the light is due to the change in momen-
tum per second that the quanta undergo when they are either 
stop ped entirely or reflected. 
1. Richtmyer, Floyd K., Introduction to Modern Physics, 
PP• 171-173. 
45. 
A most con~e:1.ng argument showing the validity o-r the 
quantum theory is its explanation of the positions of the 
series of lines in tlle~ hydnogen spectrum. The experiments 
of Sir J. J. Thomson, Geiger, Rutherford, and others led to 
the conception of the atom as consisting of a hard, compact 
nucleus with relatively small negatively charged particles 
called electrons surrounding it. In 1913, Dr. Niels Bohr, 
making use of Planck's idea of the quantum of radiation, came 
forward with a theory of the hydrogen atom which contair1ed 
assumptions that were both of classical and of .quantum nature. 
Following Bohr, the hydrogen atom consisted of a single 
electron flying in an orbit about a single fixed proton car-
rying a positive charge, equal in quantity to that of the 
electron. His first assumption is that normally, classicS]. 
mechanics holds, i.e., the coulomb force due to the attractive 
force between the charged electron and nucleus is just coun-
ter-balanced by the centri-rugal force of the electron due to 
its circular motion. This is stated mathematically by the 
equation m w~a - eE 
-~ 
where m is the mass of the electron, w its angular velocity, 
e its charge, a the radius of the circular orbit of the elec-
tron, and E the charge of the nucleus. According to this 
equation, the orbit is unrestricted. 
Next Bohr introduces a quantum assumption which limits 
the possible orbits of the elec~ron. He assumes that the 
angular momentum (sometimes called the moment of momentum) 
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of the electron is equal to the product of a small integer 
and Planck's constant h divided by 21r. Mathematically, this 
statement is expressed 
l. 
m a w nh 
21T' 
where n is a small integer such as 1, 2, 3, 4. •••••• The 
interpretation of this equation is that the electron is al• 
lowed to have only certain fixed values for its angular momen-
tum. By combining these two equations it is possible to ob-
tain the expressions for the radius of the atom, and the 
angular velocity of the electron; 
a_ nl.. k1.. 
4"trtm e ... 
, W-
Bohr's next step is to stipulate that the radiation of 
light .energy from the atom occurs discontinuously. Aceord~g 
to him, for the majority of its life an atom is in a "sta-
tionary" state of energy. Under this condition, the energy 
of the atom remains constant. Sometimes, however, collisions 
occur, or something else happens which leaves the atom with 
more energy than it normally possesses. Consequently, it 
becomes "excited", and in this "excited" state it is anxious 
to get rid of its excess energy. It accomplishes this by 
emitting homogeneous radiation in the form of one quantum of 
energy h1), which is equal to the difference in energy of the 
atom between these two states of energy. His mathematical 
assumption is h1P= E' - E" 
where hW, the energy of the emitted bundle of energy, or quan-
tum, equals the difference between the energy of the atom in 
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the excited state E 1 _and the lower state of energy E". This 
equation is often lmown as the "Bohr quantmn assrnnption" and 
is interesting .in view of th:l fact t hat it postulates that the 
frequency of observed light is due to the difference in energy 
levels of the atom yvhich is emitting light, rather than to the 
frequency of the electron in circling its orbit, as the con-
clusions of the class!. cal theory of electromagnetic radiation 
demanded. Using this equation and the Rayleigh-Jeans law, 
[ inst'ein arrived at Planck's ampirical expression for the in-
tensity of black body radiation. 
Having expressions for w and a, Bohr obtained an expres-
sion for the total energy of an atom by calculating the kin-
etic energy of the electron and the potential energy due to 
the proximity of two electrical charges, and adding these 
two together to give 11 _ 2 rr2..'l-4'1 e. 't 
f I = - 2. Trl, ~ e. '"f a"' .t L -
"'I\ '1.. h1. ' c. "'Y\ t, h '2.. 
'
11 11 
Applying his qu~tum principle, he obtained 
I r I/ .2, 1T 2.. e 'f ( I I ) hv ::. E -c.. = Y'1 ~ - · -h 2.. Yl,z.. Yl,2. 
or h J.) =- R 1 ( ~ ,_ - ~ i) 
,, 'J 
from vvhich -y R (~ 2- - ~~) 
II I 
where n 1 and n 11 are the quantrnn nrnnbers (integers) associated 
with the different orbits of the electron, for which n, is 
1, 2, 3 ••••• and n 1 is greatey Lthan n,,, R' is a constant, 
and R is a universal constant known as Rydberg's constant. 
thus, by means of this theory, an expression has been 
obtained for the frequency of the lines in the hydrogen spec-
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trmn that checks with the empirical results. This equation 
also g ives a method of computing ionization potentials (the 
voltage necessary to ranove an electron from an atom), which 
are a.lso found to agree with experimental data. This theory 
also gives a value for the radius of the atom which verifies 
the results of other methods used in obtaining this measure-
me....'l1t . Furthermore, this theory has been applied with some 
success to the singly ionized helium spectru.m. 
In a more generalized form, both the electron and the nu-
cleus rotate about their common center of gravity. According 
to these assumptions, the orbits are ellipses, rather than 
circles, with the result that the electrons resemble the plan-
eta in their movements and also obey Kepler's laws which were 
first found to govern the motions of the planets. 
In this paragraph I shall present a generali zed quantum 
condition kno•m as Sommerfeld's generalization, which is 
mathematical in form. Suppose a body has kinetic m:ergy EK • 
. Suppose its speed in the direction of the coordinate q
1 
is q
1 
• 
8 E 11 '') Let p
1
:: • K ( p 1 is known as the impulse coordinate • 
C) q, J.. 
Then Sommerfeld's condition of quantization is J P, dq
1
-:::nh 
where the first member of th3 equality is known as the phase 
integral, and n and h of the second member are an integer 
and Planck's universal eons tant. .An application of this 
principle yields the same equation that Bohr used arbitrarily 
to restrict the orbits of the electrons. This principle has 
proven valuable in explaining sets of equidistant bands of 
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lines that appear in the infra-red spectra of diatomte mol-
ecules such as hydrogen chloride, and sodium. chloride. 
There has been much speculation concerning the nature 
of the medium through which light travels. Scientists have 
wondered whether the earth moves through the ether, or whether 
the ether moves with the earth. To get an answer to this pr~ 
lem, Michelson and Morley, in 1887, set up a large interfer-
ometer which could be rotated. The interferometer is essen-
tially a set of mirrors which enables the wave-length of light 
to be measured by means of the principle of interference. 
Using this instrument, an interference pattern is set up in 
the field of view. Knowing the frequency of the illuminating 
light and its wave-length, it is possible to obtain the vel-
ocity of light by multiplying the two factors known. 
If the earth is moving through the ether, it was expected 
that the velocity of light as measured on earth would depend 
on the direction of the earth's movement, just as the speed 
of objects we see depends on how we are moving with respect 
to them. As an illustration, if two cars are moving at the 
same velocity parallel to each othe;-, the occupant of one 
car would think that the other car was at rest w1 th reference 
to ~. Ir both cars were moving in opposite directions, then 
the occupant considered before would think that the other car 
~ was moving twice as fast as it actually was. 
If the interference pattern shifted, as the instrument 
was turned, it showed that the speed of light was changing, 
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- -~ depending ~n the motion of the obse=-~-:~"-~h: e: periment 
was carried out by Michelson and Morley, no definite shift 
was noticed. This experimental evidence led to Einstein's 
development of the theory of relativity, the fun:lamental hy-
pothesis of which is that the velocity of light is always 
the s arne, r egardl es s of the motion of the observer. This ex-
periment on ether drift has been repeated by several obser-
vers, some of whom do obtain slight shifts in the interference 
pattern, but they are so small that they may be due to slight 
changes in experimental conditions. The attanpt to account 
for the results of Michelson and Morley led to Einstein's re-
stricted theory of relativity. 
In the course of this develppment, Einstein arrives at 
<.. 
the equstions, E=m c 
'Y'1o 
'\N\ = --;::::::::::::=:;:: V I -:- ~~ 
and 
where E equals the total energy of a system, m is its mass 
when moving at a velocity v, c is the velocity of light, and 
m
0 
is the "rest" mass, or the mass when the body has a vel-
ocity equal to zero. 
1m examination of these equations yields most surprising 
results. We find that the mass of a bocly increases as its 
velocity increases, and the velocity of the body can never 
exceed the velocity of light, or we should be dealing with 
imaginary quantities. These equations also reveal that mass 
and energy are equivalent. This l a st result is not so strange 
in view of the fact that modern scientists always stipulate 
51. 
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the corresponding laws o~ the conservation or energy and 
matteD. 
In accordance with this last conclusion, light should 
possess mass and inertia. If this is so, light coming rrom 
distant stars should be bent slightly towards the sun as the 
light passes by it, and this effect is found to occur. 
In the last few years there has been a growth of the 
feeling that the quantum theory also is inadequate. Vfuenever 
the quantum theory is used to attack a problem and the results 
turn out to be different from the actual experimental results, 
some sort of "selection" rule governing the transition of en-
ergy between certain energy levels is made so that the the-
oretical results may coincide with experiment. There is no 
basic principle that can account for these many and varied 
"selection" rules. Their only basis is an emp;trical one. 
The need for these "selection" rules has become a source of 
· dissatisfaction to many physicists. 
Another trouble brewer is the production of polarized 
spectral lines in the Zeeman effect. In this effect, when 
a source of light is placed in a strong magnetic field, single 
spectral lin~s become split up into sever al lines, some of 
which are polarized. The quantum theory can give us no infor-
mation about this phenomenon of polarization. For a long time, 
the most discouraging failure of the quantum theory has been 
in the Problem o:f explaining the intensit~ of dif:ferent 
spectral lines. It seems that a theory that ~als with ele-
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mentary processes in the way that the quantum theory does, 
should yield some information on this problem. However, taken 
by itself, the quantum theory throws no light upon the solu-
tion. 
Yet the problem of spectral intensities has been partly 
solved, but by an ingenious method. By assmning that the elec-
tron travels in an elliptic orbit, classical mechanics com-
bined with the Bohr theory of the hydrogen atom gtves the re-
sult that the frequency of the electron in traversing its or-
bit, zzl , is expressed by the equation, -.1 _ 2. R ~l -~ ) 
where R is a universal constant, and n is an integer corres-
pending to the energy level of the atom. According to the 
classical electromagnetic theory, the observed frequency of 
light is the frequency of the electron in its orbit. But 
under certain conditions, the quantum theory gives the same 
results. According to the classical theory the lines in the 
spectrum have frequencies equal to the fundamental frequencies 
of the electron, and the overtones of this fund amen tal. If 
the fundamental frequency of the electron in its orbit is equal 
to l. ~ according to the classical theory, then the frequency 
of t:e first overtone is 2 ( ~R3 ) , the fre'fUency of the 
second overtone is 3 c:~J , •••••••••• By using Bohr's 
conclusion, .z)Db.s =- R ( ~ 1.. - ~ 4) , where Vo bs is the ob-
served frequency as obtained in his theory of the hydrogen 
spectrum and assmning that the quantmn numbers are high and 
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close together, it is found that 1P~hs - ~ .(n-m \. Using 
- 'l'\3 j 
this last equation, a ~esult of the quantum theory, we obtain 
the result that for a difference in ene~gy levels of one 
quantum number, i.e., n - m = 1, 1i h - 2R ; for a dif.fer-
o s _ ~ I 
ence in energy levels of two quantum numbers, i.e., n- m=2 
' 
11obs = 2~ :~) ; for a difference of three quantum numbers, 
i • e. , n - m :: 3, "'V 0 b s = 3 ( ~~ ) • • • • • • • • • • Thus we see that 
for corresponding overtones and quantum number differences, 
the frequency of the electron in its orbit is the same as the 
observed frequency of the spectral line, or using ma themati-
cal symbols, 1/e) = 11obs • Thea e results are lis ted on the 
following table so that the correspondence may be made clearer 
QUANTUM THEORY 1---....;._ 6LAS3ICAL THEORY 
11ob:, ~ ( n - m) 11'obs = )le) 
n - mJ. 1Pobs overtone 11obs 
1----
1 
2 
3 
2R 
--;;;-
3~ ~) 
1.----·· .. 
fWldamental 
lat. overtone 
2nd. overtone 
2R 
~ 
It is possible to calculate the intensities of the fre-
quencies of the overtones by means of Fourier's analysis. 
Since the electron is moving in a periodic orbit, we can ex-
press its position in ita orbit by means of two coordinates, 
x and y, where x :::. B 1 sin 2 n'"'Vt + D2. sin 2 ( 21i1Pt )' + D3 sin 
3 ( 2~"Jlt} + • • • • • • • • • • and y:::. F1 cos 2"IT'J1t +- Fl.. cos 2 ( 2111/t} 
t F
3 
cos 3 ( 2"'irllt) + • . . . . . . . Here D.,. and F"~~ reprea ent the 
l. The difference in quantum numbers is (n - m). 
========-==9F============ 
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intensities of the frequencies of which they are coefficients, 
~ is the frequency of the electron in its orbit, and t is 
time. By Fourier's methods, these intensities can be found 
and then compounded to give the final intensity for the 
particular overtone which corresponds to a particular change 
in quantum number. Thus, by the principle explained in these 
few paragraphs, and known as the "correspondence principle 0 , 
it is possible to explain the intensities of spectral lines 
corresponding to certain changes in quantum numbers. The 
"correspondence principle" results in the proposition that 
for high quantum states and small changes in quantum numbers, 
the intensities of spectral lines are given by classical 
physics. 
At about 1925, the development of a new quantum theory 
had ita birth. An outline of the situation which precipitated 
this development follows. In dealing with the elementary pro-
cesses of radiation, the general working rule was to employ 
the classical laws with the supplementary provision that whan 
anything of a new nature occurred, it must be made equal to 
an integral multiple of Planck's constant h. This provision 
often led to self-contradictory use of the classical eheory, 
for in the Bohr atom, the acceleration of the electron is 
controlled by classical electro-dynamics, while radiation is 
governed by "quantum h" rules. But in classical electro-
8ynamics acceleration and radiation are indissolubly connecte~ 
Radiation is due to the fact that the electron spinning in 
ita orbit is always being accelerated towards the nucleus, 
and this acceleration produces the radiation. Thus the radi-
ation from an atom should depend upon the frequency of the 
electron in its orbit. The Bohr theory, however, produced 
the result that the frequency of the radiation depended upon 
differences in energy levels rather than upon the actual 
electron frequency. 
Another factor which added to the difficulty of the sit-
,·.uation was the formation of the "correspondence principle", 
which brought forward the postulation that the classical laws 
have the same form taken b y quantum laws in a limiting case, 
viz; when the quantum numbers concerned are very large.. Thus 
the investigation was being hampered by a classical concep-
tion which embraced only a limiting case. 
At the time, a compromise existed, which involved the 
recognition that light has both corpuscular and wave proper-
ties. The same idea was about to be extended to matter by 
de Broglie. Sir William Bragg, famous authority on X-rays 
and crystal structure, has thus summarized the matter: 
"There must be some fact of which we are entir.ly ignor-
ant, and whose discovery will revolutionalize our views of 
the relation between waves and ether and matter. For the 
present we have to work both theories. On Mondays, Wednesda~ 
and Fridays we use the wave t h eory; on Tuesd ays, Thursdays, 
and Saturdays wf think in streams of flying energy, quanta, 
or corpuscles." 
Although the working rule mentioned before had generally 
been successful in its predictions, it was found to give a 
1. Kendall, James, At Home Among the Atoms, P• 295. 
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distribution of electron orbits in the atom differing in some 
essential respects from that deduced spectroscopic ally. For 
example, in the hydrogen spectrum, fin er detailed spectrosco-
pic lines were observed which had no correspondence with the 
Bohr model. Thus a reconstruction was required, not only to 
remove logical objections, but to meet to urgent demands of 
practical physics. 
About 1926, a French physicist, Louis de Broglie, attempt-
ed to apply Einstein's relativity results to the Bohr type 
of electron. To make his equations fit, he had to assume 
that the electron is attended in its orbit by a group of waves. 
In order for these waves to persist all around the orbit, the 
orbit had to be such that the waves would not annihilate each 
other, i.e., crest had to meet cr est, and ~ugh had to meet 
trough, so that standing waves could be set up. When the 
necessary calculations were made, de Broglie found that the 
only possible orbits meeting such conditions were the orbits 
already postulated. by Bohr. De Broglie's work led to the 
development of a new branch of science called quantum wave 
mechanics. 
In order to check up on the possibility of electrons hav-
ing wave properties, Davisson and Germer performed an exper-
iment that showed that de Broglie's wave theory of matter had 
some empirical sup port. They directed a stream of electrons 
at a diffraction grating and found that a diffraction pattern 
was formed just as in the case of light. This experiment 
. showed that electrons may be consider Erl as ba ving wa ve-lengtbs 
and frequency, the properties of light. 
As a result of de Broglie 1 s ideas, physicists began to 
stipulate a dualism between waves and particles. Thus light 
waves contained corpuscular photons, arrl fundamental particles 
of mat ter such as electrons, protons and neutrons were always 
associated with waves of definite wave-length. But to some 
physicists, the obvious properties of waves and particles were 
completely incompatible. The.y felt that electrons and photons 
are neither particles nor waves. These men, the pioneers of 
quantum mechanics, felt that they should shun all models as 
represent ations of electrons, photons, or atoms. 
In 1924 Heisenberg discovered a calculus which later al-
lowed him to predict some of the properties of atomic systems 
with startling success. Because this calculus uses matrices 
as major mathematic a.l tools, his method became kno¥m as 
matrix mechanics. 
Shortly after Heisenberg achieved his results, Scbroedi:r:l@!' 
derived the same results byrsolving an equation similar to the 
wave equation of classical physics. He thus developed a theory 
that both extended and modified de Broglie's ideas. This me-
thod became known as wave mechanics, but it is interesting to 
notice that the solutions are wavelike only for the simplest 
e physical systems. 
A comp arisen of Heis en berg's matrix mechanics and 
Schroedinger's wave mechanics led to the discovery that the 
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:ewo methods were isomorphic, i.e., they were different but 
equivalent mathematical tools. Thereupon Dirac advanced a 
theory tha. t was general enough to include the methods of 
Heisenberg and Scbro edinger as special cases. Von 'lteumann 
improved Dirac's attack and the method is now generally known 
as quant1.m1 mechanics. Two basic ideas that permeate quantum 
mechanics are its postulational method and !s use of mathe-
matical operators. Though it makes no physical assumptions 
about the real nature of waves _ or particles, it assumes that 
observable characteristics correspond with mathematical oper-
ators. So far, five axioms dominate quantum mechanics, one 
of which deals with probability. 
The ftmdamental equation, qp - pq = ...!!l_, appears in the 2F . 
contributions of Heisenberg, Schroedinger, Born and Jord~, 
and Dirac. For each of these men, these symbols have differ-
ent interpretations. For Heisenberg, q and p are co-ordinates 
and momenta, and i is the imaginary number 1}:1 • For the otrur 
men, p and q are mathematical operators. A d ascription of 
Schroedinger's theory, which is fundamentally equivalent to 
Heisenberg's, and also the simplest to understand, follows. 
Imagine a sub-ether exists, the surface of which is cov-
ered with ripples. Consider the oscillations of these rip-
ples as being a million times faster than visible light. When 
the ripples meet, they coalesce, and create a disturbed area 
which is 1 arge when compared w1 th the extent of the indi vi-
dual ripples. Such a disturbed area is recognized as a rna-
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terial particle; in particular it can be the manifestation of 
an electron. All these ripples no not have the same velocity, 
nor is the velocity eternally constant; for local conditions 
may modify the speed. In general, the ripples of a relatively 
shorter period, or long.er wave-length , travel faster. The 
frequency (~ of the waves constituting the disturbance iw re-
cognized by us as the energy of the particle. We also recog-
nize the energy of the ripp.l~ as hY. Each ripple has its own 
frequency. When two ripples meet with differing frequencies, 
beats are formed, and the frequency of the beats is equal to 
the difference in frequencies of the two original ripples. 
This is supposed to occur when the actual process of change 
from one stationary state to another is taking place in the 
atom. During the change we have two sets of vibrations oc-
curring simultaneously, and, therefore, we have a character-
istic "beat note 11 formed. It i s this "beat note" that we ac-
tually see as light. 
The exact position of the particle depends upon the area 
of the disturbance. A small concentration of stormy area 
fixes the position of the' particle; a more extended area 
leaves it very vague. The more spread out the area of dis-
turbance is, the greater is the indeterminacy of the particle~ 
position. 
The first success of this theory was in its application 
to the emission of light from hydrogen. Schroedinger's the-
ory succeeds on those points where Bohr's model breaks down; 
it always gives the right number of enert§ies or equivalent 
orbits to provide one orbit jump for each spectral line. 
Before closing this subject, it is interestin g to notice 
how nature seems to be a t tempting always to hide its inner-
most workings from the eyes of man. This is illustrated by 
the "principle of ind ete:rminacy", which was due to Heisenberg 
in 1927. 
According to t h is principle, a particle may have posi-
tion or it may have velocity, but it cannot, in any exact 
sense, h ave both. Schroedinger's model of a particle as a 
wave-group satisfies this requirement, for as the position 
of the wave-group becomes more defined, the energy as measured 
b ;y- its frequency beccmes mare indeterminable, and vice-versa. 
Scientifically stated, if q is a co-ordinate, and p the cor-
responding momentum, the uncertainty of our knowledge of q 
multiplied by the uncertainty of our knowledge of p is of 
the order of magnitude of the quantum constant lii• 
The reader may feel that if the advance of civilization 
has arrived at a final destination that is similar to its 
starting point, namely, mysticism, then how are these modern 
view?. superior to those of the first speculators on the sub..o 
ject·t The answer is t hat they are continually subject to the 
probe of experiment; the "principle of indeterminacy" is not 
a theory, but a fac t . It h as been found in the laboratory, 
that when on e property of an electron may be mos t accurately 
measured, oth er properties are most indefinite~ The labora-
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tory is the work-shop of the modern physicist, and every 
product of the physicist receives a gruelling test in this 
work-shop before it is brought forward to the world. 
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Abstract 
In this thesis I plan to trace man's t hought s on the na-
ture of light from earliest times up to the present. I shall 
select those highlights which will reveal the growth and deve~ 
opment of each theory out of the experiences and speculations 
of the pe.st. The chief contributors of the Greek and Roman 
period are Anaxagoras, Empedocles, Aristotle, Lucretius, and 
Euclid. The philosophers and scientists of this period had 
noted the re ctilinear propagation of light, the equa lity of 
ang les for incident and reflected rays at plane and concave 
surfaces, and the change of direction of a ray on entering a 
different medium. But only the first two of these prope rties 
could be explained b y means of the current emission theories. 
Th.e rainbow and mirage were quite familiar ·to the ancients. 
Duri ng the mi ddle ages Al Hazen wrote a Treasury of Op-
~' in which he discarded the Euclidean not ion of vision, 
extended the laws of reflection to sphe rical, cylindrical, 
and conical mirrors, observed the magnifying power of a seg -
ment of a glass sphere, described the eye clearly, and made 
some observations on refraction. Following Al Hazen, magni-
fying glasses and spectacles became common at the end of the 
t h irteenth century. De Dominis produced a rainbow by using 
a globe of wat e r. Then Lippershey succee ded in making a simple 
telescope. 
'I' he first step in the rise of the wa ve theory was the an-
nouncement of Snell's law of refraction. Fermat deduced this 
v. 
law by the principle of "leas t time". Another important 
event wa.s Roemer's measurement of the velocity of light. 
Newton, having noticed the dispersion of light and some peri-
odic phenomena, developed a corpuscular theory of light. By 
means of this theory he explained the finite velocity of' light, 
reflection, Newton's rings, some diffraction pa t terns, and de-
rived the law of refraction. One implicat ion of Newton's de-
rivation of Snell's law is that the velocity of lig ht is grea& 
er in the denser than in the less dense medium. 
While Newton was forming his corpuscular theory, Huygens 
was develpping the theory now known as the wave theory of 
light. Assuming a "luminiferous ether" and that each lumin-
ous particle acted as an independent source of waves it com-
municated to the ether, he accounted for the finites peed of 
light, the law of reflection, Snell's law of refraction, and 
double refraction. His theory led to the conclusion that the 
velocity of light in the less dense medium was greater than 
in the denser medium. Opposed by ~ewton's theory, Huygens' 
wave theory was not readily a c cepted until Young demonstrated 
the interference of light by means of his famous pinhole ex-
periment. The discovery of polarization of light by trans-
mission throug h crystals and by reflection were next accounted 
for by Young on t he basis of the assumption of transverse 
waves. Discovering the inte~ference of polarized light, Fres-
nel united Huygen' s wavelet principle and Young 1 s principle 
of interferenceJsolved many di ff raction problems, and accounte: 
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for the interference of polarized li ght. Thus the conclusion 
g rew that light was a transverse wave motion. The measure-
ment of the sp ee d of lig ht in water by Fizeau and Foucault 
was the last straw in•.deciding between Newton's corpuscular 
and Huygen' s wave theory. Since the spe :3d of light in water 
was less than that in air, Huyg en's theory was established. 
T'he experimental work of Oersted and Faraday on electricity 
and magnetism inspired Maxwell to produce an electromagnetic 
wave theory of light. The experimental discovery of electro-
ma gnetic waves by He r tz substantiated Maxwell's theory so that 
it became accepted as the classical theory of light. 
The development of spectroscopy paved the way for the 
quantum theory of radiation. After the preliminary work of 
Newton, He rschel, Ritter, Wollaston, and Fraunhofer, the 
examination of spectra was extended into the infra-red and 
ultra-violet reg ions. T he improvement of spect roscopic 
sources and grating spectroscopes led to the discovery of 
spectral seri e s which were exactly measured, and described by 
empirical equations. 
The first step in the growth of the quantum theory was 
the explanation of the energy distribution of black body ra-
diation. The attempts of theoretical classical physicists 
to account for the empirical distribution culminated in the 
Rayleigh - Jeans law which failed to fit the facts. Planck 
assuming the quantization of energy in discrete discont-inuous 
amounts derived a law that agreed with the experiments. The 
vii. 
discovery of photo-electricity and its complete explanation by 1 
the notion of quanta substantiated the quantum theory - clas-
sical theory failed compl e tely. The explanation of the hydro-
gen spectrum by quantum theory assumptions likewise showed 
the validity of the quantum theory. 'fo account for the re-
sults of the famous ether drift experiment of Michelson and 
Morley, Einstein developed the theory of relativity. DissatUr 
faction with the quantum theory grew because of the theory's 
relience on sp ecial "selection" rules, its failure to com-
pletely explain the Zeanan effect, and its failure to describe 
the intensities of spectral lines. However, the emergence of 
the "correspondence principle", makes it possible to explain 
the intensities of some spectral l:ines. 
Before 1925 classical and quantum rules were jointly us~ 
there was a contradiction between the radiation of atoms and 
the acceleration of electrons, t he "correspondence prin-
ciple" linked classical and quantum theories in only the li-
miting case of large quantum numbers, light was assignecl dual 
corpuscular ~~ wave properties, and some differences occurred 
between actual and theoretical spectral lines. De Broglie 
applyin g relativity to the Bohr atom started the development 
of' quantum wave mechanics. Experimental verification by Da-
visson and Germer was followed by the theoretical work ol! 
Heisenberg, Schroedinger, Born and Jordan, and Dirac. Ac-
cording to Schroedinger space is filled vd th ripples which 
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produce interference and 7beat notes". Positfons of particles 
ane determined by wave disturbances and are limited by Hei-
~ enberg 1 s "uncertainty principle". Exact positions become 
matt ers of probability. 

